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Introduction
The organization and dynamics of microtubules (MTs) are essential for different cellular processes such as migration or division. In animal cells, MT nucleation usually occurs at the centrosome, where -tubulin plays a key role. This protein is organized in multiprotein complexes (Moritz et al., 1995; Zheng et al., 1995; Raynaud-Messina and Merdes, 2007) . In Drosophila melanogaster, two main complexes have been characterized (Oegema et al., 1999) . The -tubulin small complex (-TuSC) is composed of -tubulin and two other proteins, Dgrip84 and -91. The -tubulin ring complex (-TuRC) is formed of -TuSCs associated with additional grip motif polypeptides, Dgrip75, -128, and -163, and a WD motif protein, Dgp71WD. Components of the -TuSC are highly conserved in eukaryotes. Deletion of any -TuSC subunit is lethal both in fungi and in Drosophila. This loss of function results in the accumulation of cells in mitosis, which is associated with defects such as monopolar spindles, impairment in centrosome maturation, and aneuploidy (Oakley and Oakley, 1989; Sunkel et al., 1995; Knop and Schiebel, 1997; Barbosa et al., 2000; Colombié et al., 2006) . In contrast, -TuRC-specific grip motif proteins are nonessential for viability in yeast and in Drosophila (Fujita et al., 2002; Schnorrer et al., 2002; Anders et al., 2006; Vérollet et al., 2006; Vogt et al., 2006) . Nevertheless, these grip proteins are necessary for the assembly of the large complex, for efficient mitotic progression Izumi et al., 2008) , and for specialized functions such as the organization of MT subarrays during oogenesis Vogt et al., 2006) . Analysis of the nongrip component Dgp71WD reveals that this protein regulates the function and targeting of the -TuRC to the centrosome and along spindle MTs (Haren et al., 2006; Lüders et al., 2006) .
The -tubulin complexes are involved in the nucleation of MTs from centrosomes but also from chromatin and spindle MTs (Joshi et al., 1992; Sunkel et al., 1995; Knop and Schiebel, 1997; Oegema et al., 1999; Wilde and Zheng, 1999; Wiese and Zheng, 2000; Goshima et al., 2008; Zhu et al., 2008) . Additional observations in fungi suggest that -tubulin and its partners also affect the organization or dynamics of MTs (Oakley and Oakley, 1989; Paluh et al., 2000; Vardy and Toda, 2000; Fujita et al., 2002; Venkatram et al., 2004; Zimmerman and Chang, 2005; Masuda et al., 2006) . To determine whether and  -Tubulin is critical for the initiation and regulation of microtubule (MT) assembly. In Drosophila melanogaster, it acts within two main complexes: the -tubulin small complex (-TuSC) and the -tubulin ring complex (-TuRC). Proteins specific of the -TuRC, although nonessential for viability, are required for efficient mitotic progression. Until now, their role during interphase remained poorly understood. Using RNA interference in Drosophila S2 cells, we show that the -TuRC is not critical for overall MT organization. However, depletion of any component of this complex results in an increase of MT dynamics. Combined immunofluorescence and live imaging analysis allows us to reveal that the -TuRC localizes along interphase MTs and that distal -tubulin spots match with sites of pause or rescue events. We propose that, in addition to its role in nucleation, the -TuRC associated to MTs may regulate their dynamics by limiting catastrophes. We then wondered whether the -TuRCs influenced MT dynamics. Live analysis on GFP--tubulin S2 cells allowed us to classify MTs into two arbitrary classes (Fig. 2 A) . MTs that could be tracked during the whole video (200 s) in the subcortical area (6 µm) were defined as persistent, whereas MTs that appeared or disappeared from this area during the recording period were defined as transient. In control cells, most of the MTs how -TuRC proteins could influence MT dynamics, we determined dynamic parameters on individual MTs in Drosophila S2 cells during interphase. For the first time in metazoan cells, we show that -TuRCs contribute to the regulation of MT dynamics, independently of their nucleation activity. The -TuRCs localize along MTs, where they limit catastrophe events, thus enhancing MT stability.
-Tubulin

Results and discussion
The -TuRC is not critical for MT organization during interphase in Drosophila cells Down-regulation of any -TuSC component induces mitotic defects. Because these proteins act in complexes, we wondered whether the depletion of one of these proteins affected the levels of its partners, as seen for other multiprotein complexes (Goshima et al., 2008) . RNAi treatment against any -TuSC protein (Dgrip84 or -91 or 23C -tubulin, the major -tubulin isotype in S2 cells) induced a decrease in the levels of the two others ( Fig. S1 A, top). The levels of -TuRC-specific components were affected, but to a lower extent ( Fig. S1 A, bottom). In contrast, when -TuRC-specific components were individually or concomitantly depleted, the levels of the three -TuSC proteins were not significantly altered ( Fig. S1 B, top). These experiments support the idea that -TuSC components are coregulated independently of the assembly of the large complex. We confirmed this coregulation in vivo using Dgrip84 or -75 or Dgp71WD mutants (Fig. S1 C) . Among the -TuRC-specific components, the levels of grip motif proteins also appeared to depend on each other (Fig. S1 B, bottom). These results are in agreement with a previous study in Drosophila ovaries (Vogt et al., 2006) . To investigate the roles of -tubulin and its associated proteins, we depleted -tubulin as a marker of the -TuSC, and Dgrip75 or Dgp71WD as two representative proteins specific of -TuRCs. First, we clarified the role of -tubulin complexes in MT nucleation and organization in S2 cells. As in other Drosophila cells, the interphase MT array is not organized from a unique organizing center. Down-regulation of -tubulin induced a delay of 6-7 min in the regrowth of peripheral MTs compared with control cells (Fig. 1, A [a-h] and B). As expected from -TuSC protein coregulation, we obtained comparable results after treatment with Dgrip84 RNAi (unpublished data). In contrast, after depletion of the -TuRC-specific protein Dgrip75 (Fig. 1, A [i-l] and B) or Dgp71WD (not depicted), the growth kinetics of newly assembled MTs were indistinguishable from controls. Moreover, depletion of -tubulin, Dgrip75, or Dgp71WD did not induce any significant modification in the mass of polymerized MTs or in the organization of the interphase MT cytoskeleton (Fig. 1 C ; Raynaud-Messina et al., 2004; Colombié et al., 2006; Vérollet et al., 2006; Rogers et al., 2008) . Thus, in Drosophila cells, it appears that the -TuSC promotes initial phases of MT nucleation or polymerization, whereas the -TuRC does not play a major role in these processes. However, none of these complexes seem critical for the steady-state organization of the interphase MT array, suggesting that additional mechanisms function redundantly with -tubulin complexes (Rogers et al., 2008) . 40-µg protein extracts of control and RNAi-treated cells were centrifuged for 15 min at 10,000 g. The pellet (P) and the supernatant (S) were analyzed by Western blotting using antibodies against -tubulin. For the three conditions (control, -tubulin RNAi, or Dgrip75 RNAi), the ratio P/S was evaluated as 1 ± 0.1 by densitometry quantification after ECL. (bottom) Taxol-, colchicine-, and cold-treated cells were used as solubility controls with ratios of 7.7, 0.2, and 0.15, respectively. Data are representative of three independent experiments. Bar, 5 µm. -Tubulin complexes in microtubule dynamics • Bouissou et al.
were persistent (90%). Dgrip75 depletion resulted in a decrease in this class (25%; Fig. 2 B and Video 1), suggesting that -tubulin complexes act as MT-stabilizing factors. This effect on MT dynamics was even more noticeable on free MTs, probably because of severing activity. In control cells, the MT length was maintained or even elongated, whereas in -TuRC-depleted cells, they rapidly disappeared (Video 2).
We randomly tracked MTs localized in the peripheral area, which contains internal MTs and MTs reaching the cell cortex (Brittle and Ohkura, 2005) . These MTs alternated between growth and shrinkage states with dynamic parameters consistent with published data (Fig. 2 , C and D; Rogers et al., 2002; Brittle and Ohkura, 2005; Sousa et al., 2007) . In Dgrip75 RNAi-treated cells, the MT shrinkage rate was slightly higher (Fig. 2 C, left) . We also noticed a significant increase in the frequencies of catastrophe, whereas rescues were not clearly affected (Fig. 2 D) . The most striking difference was observed for the time spent in pause. Although pauses represented 50% of the time in control cells, they dropped to 18% in Dgrip75-depleted cells (Fig. 2 C , right) . Corroborating these data, the dynamicity, a parameter which reflects the overall exchange of tubulin with the MT ends (Rusan et al., 2001) , was more than twofold increased in Dgrip75-depleted cells. Comparable results were obtained after RNAi treatment against Dgp71WD or a -TuSC component (-tubulin and Dgrip84; Fig. 2 
, B-D; and not depicted).
We treated with latrunculin A, a drug which depolymerizes actin, to test which MT population (cortical or internal) was affected by -TuRC depletion. This treatment had no effect on the phenotype induced by -TuRC depletion, whereas it increased the proportion of transient MTs in control cells (Fig. S2 A) . A simple explanation could be that the increase of MT dynamics after -TuRC depletion induces a relaxation of the interactions between cortical MTs and lamellae. Nevertheless, we observed a differential effect between latrunculin A-treated control cells and -TuRC-depleted cells, suggesting that the -TuRC also acts on the dynamics of internal MTs (Fig. S2 A) . To support the idea that the -TuRC might contribute to MT stabilization, we showed that the depletion of EB1, a +TIP (plus end tracking protein) described to be an MT destabilization factor during interphase (Rogers et al., 2002) , rescued the defects in MT dynamics induced by -tubulin depletion (Fig. S2, B-D) .
To determine whether the increase in MT dynamics was caused by altered plus end dynamics rather than resulting from translocation of entire MTs, we took advantage of the uneven incorporation of GFP--tubulin in the form of speckles. In cells depleted of Dgrip75 or -tubulin, the MT plus ends were growing or shortening, whereas speckle positions oscillated around a constant value (Fig. 2 E, Video 3 , and not depicted), showing that -TuRCs play a role in the dynamics of MT plus ends. Our data indicate that, in addition to their well-characterized role in MT nucleation, -TuRCs also influence MT plus end dynamics, acting as a pause factor.
The -TuRC is localized along MTs during interphase
This observation led us to further investigate the localization of -tubulin and associated proteins during interphase. Despite the large pool of -tubulin in the cytoplasm (Fig. 3 A) , treatment by latrunculin A (unpublished data). Antibodies directed against Dgrip84 or Dgp71WD also decorated MTs (Fig. 3 C, e-h). These results strongly suggest that -tubulin localizes along MTs in the form of -TuRCs. Accordingly, -tubulin staining on cytoplasmic MTs was reduced after depletion of Dgrip75 or Dgp71WD (Fig. 3 D, c-f) . After down-regulation of Dgp71WD, immunofluorescence analyses after methanol fixation (Fig. 3 B,  a and b) or permeabilization before fixation (Fig. 3 C, a-d ) allowed the detection of -tubulin along peripheral MTs and, in some cases, near the plus ends. This staining was reduced after -tubulin RNAi treatment (Fig. 3 D, b) or cold-induced MT depolymerization (not depicted). However, it was resistant to showed a -tubulin dot located further toward the cell center, relative to the zone of dynamic growth and shrinkage. In these cases, -tubulin did not appear to affect MT dynamics for the duration of the video.
As recent data show that GTP-bound tubulin in MTs may be responsible for rescue events (Dimitrov et al., 2008) , we explored whether -tubulin colocalized with GTP-tubulin. Although the majority of the MTs were labeled by both -and GTPtubulin antibodies, the patterns of the two epitopes did not overlap (Fig. S3) . These findings were not surprising, as -tubulin acts mainly as a pause factor, whereas GTP-tubulin conformation promotes MT rescue.
Altogether, our data indicate that -TuRCs associated to MTs influence their dynamics, acting as a stabilizing factor. This effect appears to be independent of nucleation activity. Even if a slight decrease in nucleation was induced by the depletion of a -TuRC-specific component, it should result in an increase of the free /-tubulin pool, promoting tubulin polymerization and thus minimizing any increase of MT dynamics. A role of -tubulin and its associated proteins in MT dynamics fits with previous data obtained in fungi. For example, -tubulin was first characterized in Aspergillus nidulans as an extragenic suppressor of a -tubulin mutation, inducing MT hyperstabilization (Oakley and Oakley, 1989) . In Schizosaccharomyces pombe, mutants in -TuRC-specific genes are hypersensitive to MT-destabilizing agents (Fujita et al., 2002) , and mutants in the Dgrip84 orthologue or strains overexpressing the C-terminal domain of this protein exhibit altered MT dynamics (Zimmerman and Chang, 2005; Masuda et al., 2006) . So far, the mechanisms through which -TuRCs control MT dynamics remain unclear. An explanation would be that MTs formed in the absence of the -TuRCs have an abnormal protofilament number, resulting in different dynamic properties. This seems unlikely as we have previously shown that in Dgrip75-depleted cells, most of the MTs exhibit 13 protofilaments . It could also be argued that -tubulin complexes control the assembly or the loading of factors that regulate MT dynamics, as previously suggested (Zimmerman and Chang, 2005; Cuschieri et al., 2006) . -TuRCs associated to MTs could counteract the function of MT-destabilizing factors either directly by occluding binding sites on the MTs or indirectly by altering the MT tip structure. We propose a model in which the -TuRC localized along MTs may represent a pause signal, switching from a shortening or a growing phase to a pause (Fig. 4 D) . This pause status could be either transient, followed by a growth event (rescue), or could be long lasting and stabilize MTs, especially at the cell periphery. In conclusion, we suggest that -TuRCs are essential to mediate noncentrosome functions such as organization of cell type-specific MT networks by regulating MT dynamics in addition to nucleation.
Materials and methods
Cell culture and RNA-mediated interference Drosophila Schneider S2 cells were stably transfected with a plasmid encoding GFP--tubulin or -tubulin-GFP under the control of a constitutive active promoter (gifts from S. Rogers [University of North Carolina at Chapel neither the levels of -TuRC proteins nor the amount or the size of the -tubulin complexes were modified . Although -TuRCs lacking Dgp71WD were indistinguishable from regular -TuRCs in sedimentation gradient analysis, they were no longer able to bind to MTs. Therefore, it is unlikely that -TuRCs along MTs were trapped unspecifically during fixation simply because of their large size. Moreover, the -tubulin localization on MTs was observed by live analysis using -tubulin-GFP-expressing cells. Treatment with low concentrations of taxol induced MT bundles, along which a clear accumulation of -tubulin was detected (Fig. 3 E) . Unfortunately, because of the large pool of soluble -TuRC, the detection at the level of an individual MT was not possible. This is the first study of -TuRC localization on interphase MTs in animal cells. -Tubulin along MTs has been previously reported in fission yeast and higher plants during interphase and in animal and plant cells during mitosis. -Tubulin complexes associated with MTs have been proposed to act as secondary MT organization centers in mitosis (Lüders et al., 2006; Mahoney et al., 2006; Goshima et al., 2008; Zhu et al., 2008) or in systems in which interphase MTs are arranged in noncentrosomal arrays such as fission yeast and higher plants (Sawin et al., 2004; Venkatram et al., 2004; Janson et al., 2005; Murata et al., 2005) . Similar principles may govern nonradial MT organization in cultured Drosophila cells. However, nascent MTs or free MT minus ends were rarely visible at the proximity of MT-bound -tubulin (Fig. 3) . Another nonexclusive possibility is that -tubulin linked to MTs contributes to their stabilization. Consistently, -tubulin localizes on spindle MTs with a preferential distribution on stable kinetochore fibers (Lajoie-Mazenc et al., 1994) . Moreover, FAM29A, a human protein of the augmin complex which targets -TuRCs to spindle MTs, is described to have a stabilizing effect on spindle MTs (Zhu et al., 2008) .
The -TuRC along MTs acts as an anticatastrophe factor
To test whether -tubulin bound to MTs might control MT stability, we performed immunofluorescence staining of -tubulin just after live analysis of the GFP-MT dynamics (Dimitrov et al., 2008) . We verified by live microscopy that upon permeabilization, MTs no longer exhibited dynamic behavior (unpublished data). We defined four classes of MTs according to their dynamic behavior and the location of the distal -tubulin spot (Fig. 4 , A-C; and Videos 4 and 5). In 55% of MTs, -tubulin was localized to the MT tip, and this endpoint corresponded with a pause status independently of the previous dynamic behavior (class I). As illustrated in Fig. 4 B and Video 4, the tracked MT started growing and then depolymerized and remained in pause for the last 45 s. In class II (25%), exemplified in Fig. 4 C and Video 5, MTs oscillated between growth and shortening phases, but in all cases, -tubulin spots coincided with a point beyond which the MT no longer depolymerized. MTs of class III (5%) were at least marked by two -tubulin points and satisfied both characteristics of MTs of classes I and II. In 85% of the MTs studied (classes I, II, and III), the distal -tubulin dot was identified at a domain where a pause or a rescue event was recorded. The remaining 15% of MTs (class IV) For -tubulin immunostaining immediately after time-lapse recording, cells were permeabilized with PEM/Triton X-100 0.3% (1 min) and subjected to -tubulin labeling as described in the previous section for S2R + cells. The MT plus end of the image was fitted with the MT end of the last frame of the video. 53 MTs taken from 12 cells were analyzed. Only MTs clearly resolved near the cell periphery and labeled with -tubulin were selected for the analysis.
Regrowth assays
Cells were placed for 50 min on ice with ethanol inside a Petri dish and then transferred directly to a controlled 25°C chamber. Images were obtained at regular intervals over 50 min using a confocal microscope (SP2; Leica) with a 63× 1.4 NA objective (Leica). The MTs were counted in a region of interest of 6 µm from the cell cortex (Sousa et al., 2007) .
Online supplemental material Fig. S1 shows that -TuSC proteins are coregulated. Fig. S2 shows the effects of latrunculin A treatment and EB1 depletion on the increase of MT dynamics induced by -TuRC depletion. Fig. S3 shows that -and GTP-tubulin do not colocalize on the MTs. Video 1 shows that Dgrip75 down-regulation enhances MT dynamics. Video 2 shows that -tubulin down-regulation destabilizes short MTs. Video 3 shows that MT plus end dynamics are affected after depletion of a -TuRC component. Videos 4 and 5 show that -tubulin along interphase MTs acts as an anticatastrophe factor. Online supplemental material is available at http://www.jcb .org/cgi/content/full/jcb.200905060/DC1.
Western blotting and cytological analysis Protein extracts from S2 cells (Raynaud-Messina et al., 2004) and from total larval brains were prepared and subjected to Western blot analyses (7.5% polyacrylamide gel and SDS). Total brain extracts were prepared from 10 brains of each genotype, dissected in saline (0.7% NaCl), boiled for 3 min in 2× Laemmli sample buffer, and diluted twice . To determine the solubility characteristics of tubulins, extracts were centrifuged for 15 min at 10,000 g at room temperature, and then the supernatant and the pellet were analyzed by Western blotting. For controls, cells were treated with taxol (24 h at 5.10 5 M) or colchicine (24 h at 25.10 3 M) or incubated at 4°C for 2 h before harvesting. S2R + cells, cultured on 0.5 mg/ml concanavalin A-coated coverslips for at least 3 h, were fixed with precooled 20°C methanol for 10 min and then immunostained . To detect -tubulin, Dgrip84, and Dgp71WD along MTs, S2R + cells were permeabilized for 1 min in PEM (100 mM Pipes, 1 mM EGTA, and 2 mM MgCl 2 , pH 6.8) containing 0.5% vol/vol Triton X-100, fixed for 1 h in PEM containing 1% dimethyl sulfoxide and 3.7% vol/vol paraformaldehyde, and then immunolabeled (RaynaudMessina et al., 2004) . Taxol treatments were performed for 24 h at 5.10 5 M. Fluorescence microscopy was performed with Deltavision RT equipment (Applied Precision) on a microscope (IX71; Olympus), using a 100× 1.4 NA objective. Images were obtained with a camera (CoolSNAP; Roper Industries) and subsequently deconvolved (ratio conservative method), and optical sections were projected. Images and Western blot quantification were created using Photoshop (Adobe).
The mouse monoclonal antibodies T-5168, GTU88 (Sigma-Aldrich), and 1501 (Millipore) were used to stain -tubulin, -tubulin, and actin (used as an internal loading control), respectively. The following rabbit antibodies were used: R62 against Drosophila 23C -tubulin (antibody used in all cases except when specified in the text for GTU88; Raynaud-Messina et al., 2004) , R367 against Dgrip84, R403 against Dgrip91, R300 against Dgrip75, R360 against Dgrip163, and R267 against Dgp71WD . We also used rabbit antibody Rb276 against Mast (Sousa et al., 2007) , rabbit antibodies against Dgrip128 (gift from Y. Zheng, Carnegie Institution of Washington, Baltimore, MD; Gunawardane et al., 2000) , rabbit antibodies against EB1 (gift from S. Rogers et al., 2002) , and human antibody hMB11 against GTP-MTs (gift from F. Perez, Institut Curie, Paris, France; Dimitrov et al., 2008) .
Live imaging of MTs
Drosophila S2 GFP--tubulin and -tubulin-GFP cells were grown in Schneider medium in an aluminum culture chamber with concanavalin A-coated coverslips. Images were acquired at 2-s intervals for 200 s with a wild-field microscope (Axiovert; Carl Zeiss, Inc.) using a 100× 1.4 NA objective (22°C) and a camera (AxioCam MRm; Carl Zeiss, Inc.)/Axiovision software (Carl Zeiss, Inc.), except for speckle experiments (Deltavision RT and deconvolution as in immunofluorescence analysis). MT plus ends (or speckles) were tracked using ImageJ software (National Institutes of Health). Catastrophes were defined as transition from growth or pause to shrinkage, and rescues were defined as transition from shortening or pause to growth (Sousa et al., 2007) . Dynamicity was calculated by dividing the sum of the total length grown and shortened by the life span of the MT (Rusan et al., 2001) . At least 150 MTs were analyzed for the quantification of the two arbitrary classes (transient and persistent), at least 50 MTs (from 15 independent cells) were analyzed for the quantification of dynamic parameters, and 20 individual MTs were tracked for MT plus end analysis. Statistical independent twosample t test analysis of dynamic parameters was performed using SPSS version 14.0 software (SPSS, Inc.; Sousa et al., 2007) . Means are significantly different for P < 0.05, meaning a 95% confidence level (P95).
